Syncytial mutations of herpes simplex virus type 1 (HSV-1) strains ANG, ANG path, HFEM, tsB5 and HSZP cause extensive cell fusion and were mapped to the cytoplasmic domain of glycoprotein B (gB), within the syn 3 locus. These strains are so far the only ones which show the phenotype 'fusion from without' (FFWO) : 60 rain after infection with high m.o.i., cells in a tissue culture are fused without transcription and translation of the viral genome. In this report we detected, using the recombinants 27/III and K-7, that an amino acid exchange from Ala to Val at aa position 854 of gB is the main determinant for FFWO activity of strains ANG, ANG path and recombinant K-7. The transfer of this mutation to wild-type strains KOS and 17 syn ÷ by co-transfection results in recombinants KOS-854Q, 17-syn3, 17-syn3a and 17-syn3b. As a selection marker we used the cyclosporin A resistance of fusion which was shown to be a unique characteristic of syn 3 locus mutants. The recombinants show the FFWO phenotype in BHK cells but not in Vero cells. FFWO was shown to be cell-type dependent by comparing the number ofp.f.u, needed to induce FFWO in various cell types.
Syncytial mutations of herpes simplex virus type 1 (HSV-1) strains ANG, ANG path, HFEM, tsB5 and HSZP cause extensive cell fusion and were mapped to the cytoplasmic domain of glycoprotein B (gB), within the syn 3 locus. These strains are so far the only ones which show the phenotype 'fusion from without' (FFWO) : 60 rain after infection with high m.o.i., cells in a tissue culture are fused without transcription and translation of the viral genome. In this report we detected, using the recombinants 27/III and K-7, that an amino acid exchange from Ala to Val at aa position 854 of gB is the main determinant for FFWO activity of strains ANG, ANG path and recombinant K-7. The transfer of this mutation to wild-type strains KOS and 17 syn ÷ by co-transfection results in recombinants . As a selection marker we used the cyclosporin A resistance of fusion which was shown to be a unique characteristic of syn 3 locus mutants. The recombinants show the FFWO phenotype in BHK cells but not in Vero cells. FFWO was shown to be cell-type dependent by comparing the number ofp.f.u, needed to induce FFWO in various cell
types.
Infection of cells in vitro by clinical isolates of herpes simplex virus (HSV) type 1 leads to rounding of cells. However, mutations in at least six loci in the HSV genome (syn loci) induce a syncytial plaque morphology (Spear, 1993) named 'fusion from within' (FFWI). A different phenotype named 'fusion from without' (FFWO) is caused by virus particles within 60 rain after infection (Falke et al., 1985) . This mechanism of cell fusion functions without transcription and translation of the genome of the infecting virus and requires a high m.o.i. Observations by Falke et al. (1985) and Walev et al. (1991 Walev et al. ( a, b, 1994 so far have shown that only the HSV-1 strains ANG, ANG path, HSZP, HFEM and tsB5 evoke FFWO activity. The marker rescue experiments of Weise et al. (1987) for strain ANG path and of Bzik et al. (1984b) for tsB5 revealed that these strains belong to the syn 3 locus group. Additionally, it was shown in our laboratory that the molecular mechanism of FFWI induced by mutations at the syn 3 locus compared to the other five syn loci is different. Strains with a mutation in the syn 3 locus induce FFWI in the presence of cyclosporin A (CyA) at a concentration up to 150 gg, whereas all other syncytial strains induce cell rounding after infection of cells in the presence of CyA (Walev et al., 1994) . The converse response could be observed after addition of heparin at a concentration of 1 mg/ml 3 h * Author for correspondence. Fax +49 6131 39 2359. after infection. FFWI induced by strains with a mutation in the syn 3 locus is inhibited and cell rounding occurs as CPE. FFWI of other syncytial strains is not influenced by late addition of heparin (Seck et al., 1994) .
The syn 3 locus maps within the sequence specifying glycoprotein B (gB-l), a 904 aa polypeptide (Bzik et al., 1984a; Pellet et al., 1985) . Each monomer includes a cotranslationally cleaved signal sequence, an extracytoplasmic domain of 696 aa, a hydrophobic transmembrane domain of 69 aa and a cytoplasmic carboxyterminal (C-t) domain of 109 aa. Fine mapping and sequencing of mutants shows that single amino acid exchanges in two different regions of the C-t of gB-1 can induce the FFWI phenotype (Gage et al., 1993) . Region I has been identified as aa positions 816 and 817 (Cai et al., 1988a, b; Gage et al., 1993) and region II as aa positions 853, 854 and 857 (Bzik et al., 1984b; Gage et al., 1993; Walev et al., 1994) .
In this study we focused on the FFWO property of HSV. We have shown that a single amino acid within the C-t coding region of the gB-1 gene is the main determinant for FFWO. We observed that different numbers of virus particles are required to induce FFWO for different cell types.
All strains used in this study were tested for FFWO activity in Vero and baby hamster kidney (BHK) cells. African green monkey kidney cells (Vero) were grown in medium 199 (TCM) whereas BHK cells were maintained in Dulbecco's minimal essential medium (DMEM); both 0001-2987 © 1995 SGM were supplemented with 10 % FCS and antibiotics (0"2 % penicillin/streptomycin). Virus growth, titration and the test for FFWO activity have been described previously (Falke et al., 1985) . HSV-1 strains used were 17 syn + (Subak-Sharpe et aL, 1974), ANG (Schr6der et al., 1976) and ANG path (Kaerner et al., 1983) . Strain KOS was kindly supplied by P. Schaffer (Boston, Mass., USA). Recombinants 27/III, K-7, 17-syn3, 17-syn3a, 17-syn3b and KOS-854Q are described below. Marker rescue and marker transfer were performed by co-transfection of subconfluent Vero cells with HSV-1 genomic DNA and plasmid DNA as described by Graham & Van der Eb (1973) . Virus from recombination experiments was assayed for fusion phenotype using the CyA test as described by Walev et al. (1991 a) .
The ELISA was performed essentially as described by Wollert et al. (1992) using purified virus as antigen. The number of HSV-1 particles in virus samples used in the ELISA was assessed by H. Gelderblom (Robert-KochInstitute, Berlin, Germany). As primary antibody we used the monoclonal antibody 0~-gB-1 2c/2 (a kind gift of Dr A.M. Eis-Hfibinger, Bonn, Germany) and as secondary antibody we used peroxidase-conjugated rabbit anti-mouse immunoglobulins (Dakopatts).
Restriction endonucleases were purchased from Pharmacia and used as specified by the manufacturer. For performing PCR 5 gl (approximately 104-105 p.f.u.) of plaque purified virus was used in a 100 ~tl reaction mix.
Primers were 20 nucleotides long with the following sequences (5'-3' orientation): GTG GTA TCG GCC GTG TCG GG (forward primer) and TGA TGG GGG CCC GCT GAT TC (reverse primer). We used Taq DNA polymerase from AGS with appropriate buffer adjusted to 2mM-MgC12. Amplified products were cloned into vectors pUC18 or pUC19 (Messing, 1983) . The Sanger dideoxynucleotide DNA sequencing procedure was performed using the T7 Sequencing Kit from Pharmacia as specified by the manufacturer. Gel electrophoresis and autoradiography were performed using standard methods (Sambrook et al., 1989) .
Our hypothesis that the FFWO phenotype depends on the amino acid sequence of the C-t of gB-1 was based on marker rescue experiments with recombinant 27/III and K-7 done by Weise et al. (1987) . Recombinant strain 27/III was obtained by co-transfecting the genomic DNA of HSV-1 strain ANG path and plasmid pLH50 (Fig. 1, Table 1 ). Vector pLH50 (Holland et al., 1983) contains the BamHI G fragment of HSV-1 strain KOS including the gB-1 gene sequence. Recombinant K-7 results from a co-transfection experiment with ANG path genomic DNA and the plasmid pUC19K1, which contains a 2"7 kb SacI fragment (Fig. 1) 
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identical to the parental strain ANG path. In order to sequence the C-t of gB-1, we cloned a 663 bp PstI-KpnI fragment containing the whole cytoplasmic part of gB-1 into pUC18 and pUC19. The fragments were generated either by subcloning from a 8 kb BamHI G fragment (see Fig. 1 ) containing the whole gB-1 gene or by amplification of this part by PCR. The complete C-t of gB-1 was sequenced. Strains ANG, ANG path and the recombinant K-7 had the same shift from Ala (GCC codon) to Val (GTC codon) at aa position 854 of gB-1 when compared to reference strains KOS (Bzik et al., 1984) and 17 syn + (McGeoch et al., 1988) . Sequencing of recombinant 27/III showed no alteration of the gB-1 amino acid sequence compared to strain KOS (Table 1) . Cytopathological effects of strains ANG, ANG path, K-7 and 27/III were compared. For ANG and ANG path approximately 20-50p.f.u./cell are needed to induce FFWO in Vero cells whereas for BHK cells 200-500 p.f.u./cell are needed (Fig. 2) . K-7 retained the FFWO properties of the parental strain ANG path. Sixty minutes after infection with an m.o.i, of 20 p.f.u./cell all Vero cells fuse and after infection with an m.o.i, of 200-500 p.f.u./cell all BHK cells fuse (see Table 1 ). In contrast, the recombinant 27/III exhibited the syn + phenotype of HSV-I KOS: 60 min after infection with comparable or higher m.o.i. ( > 104 p.f.u./cell) no alterations in cell morphology could be observed, whereas 4 h post-infection cell rounding appeared, typical for strain KOS. These results indicate that a single amino acid exchange in the C-t of gB-1 has this striking effect on the FFWO phenotype of strain ANG path.
These results also indicate that cellular factors are involved in the FFWO phenotype since BHK and Vero cells reacted differently to the viral strains and recombinants. These observations are highly reproducible and indicate very distinct cell-virus interactions during the FFWO process. Therefore, determination of the number ofp.f.u, necessary to induce FFWO in Vero or BHK cells is an important parameter for comparing the phenotype of FFWO + strains.
We assumed that syn + strains with the above mentioned mutation at aa position 854 should also be able to induce FFWO. In order to justify this presumption we transferred the C-t of ANG path gB-1 to the genomes of strains KOS and 17 syn ÷ by marker transfer. The plasmid pUC19ML4 containing the complete gB-1 C-t coding sequence of strain ANG was co-transfected into Vero cells with unique long genomic DNA from both wild-type (wt) strains.
Virus progeny was plaque purified and examined for its CPE, cell rounding and cell fusion properties. Secondly, we screened for CyA resistance of FFWI to differentiate cell fusion phenotypes. Multiple transfections were scored to see whether any progeny of the CyA resistant fusion phenotype was generated. From different co-transfection experiments recombinant viruses were picked, plaque purified and used for further phenotypic and genetic analyses. One of them with a KOS genomic background was termed KOS-854Q whereas the other recombinant viruses with the 17 syn + genomic background were named 17-syn3, 17-syn3a and 17-syn3b (see Table 1 ). They show a syncytial phenotype (FFWI +) on both Vero and BHK cells. Additionally, the FFWI was shown to be CyA resistant (see Table 1 ) and sensitive to the addition of heparin (data not shown).
The cytoplasmic part of gB from the four recombinants with the required fusion phenotype (CyA resistance of FFWI) was sequenced and found to contain the same shift from Ala to Val at aa position 854 of gB as strain ANG path. As a control we sequenced three clones from co-transfection experiments with the syn + phenotype and three different clones with a syn phenotype but CyA sensitivity to fusion. The sequencing revealed that none of them had a mutation in the C-t of gB-1 (data not shown).
The recombinants were tested for their FFWO activity in BHK and Vero cells. Strains and recombinants are considered to be FFWO-if after infection with more than 10 ~ p.f.u./cell no FFWO activity is detectable after 60 min (Falke et al., 1985) . In order to cause FFWO in BHK cells we needed 500-1000 p.f.u./cell (see Table I , Fig. 2 )for recombinants 17-syn3, 17-syn3a and 17-syn3b as well as for recombinant KOS-854Q. None of the recombinants were able to induce FFWO in Vero cells. These results support the recent observation that FFWO is celt-type dependent.
The experiments of this study indicate that the aa at position 854 of gB-1 is the main determinant for FFWO. Mutating this aa from Ala to Val abolishes FFWO activity. Transfer of this mutation to strains KOS and 17 syn + results in syn recombinants capable of inducing FFWO in BHK cells. However, it is not sufficient for inducing the complete FFWO activity in a wt genome. There must therefore be additional differences between strain ANG path and strains KOS or 17 syn +. This implies that at least one more FFWO enhancing factor exists or a fusion inhibiting factor is deleted in the genome of strains ANG and ANG path. 
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Multiple mechanisms could be involved in the process by which FFWO activity is enhanced by amino acid alterations in the gB-1 C-t. A hypothesis of Guan et al. (1988) for vesicular stomatitis virus G protein and Huff et al. (1991) for HSV gB-1 predicts that the cytoplasmic part of these proteins is important for correct glycoprotein transport to the plasma membrane, including the correct formation of homodimers. In order to be certain that FFWO is a genuine effect of the mutated gB-1 and not an effect of higher amounts of gB-1 present on the surface of FFWO + viruses we developed an ELISA. Purified virus particles of a typical syn + strain, KOS, and a typical FFWO + strain, ANG, were used as antigen. We tested 3 x 109 virus particles per well with different dilutions of the monoclonal antibody ~-gB-1 2c/2. The total amount of gB-1 on virus membranes, however, was shown to be identical for FFWO + and FFWO-viruses as analysed by ELISA (data not shown). Thus, the mutation has no influence on the quantity of gB-1 in the virus envelope or the cell membrane.
Another possibility could be that losses or exchanges of amino acids in the cytoplasmic part of the protein influence the conformation of external domains and therefore the accessibility of the protein to the cell membrane or affinity to a putative receptor (Gage et al., 1993; Baghian et al., 1993) . Alternatively, it could be that altered interactions between the C-t of gB-1 and other viral glycoproteins or cellular molecules of the cytoskeleton and plasma membrane could affect the fusion behaviour, as suggested by Ruyechan et al. (1979 ), Bzik et al. (1984 ), Pellet et al. (1985 and Pereira (1994) . A gBmultisubunit complex (Pereira, 1994) responsible for fusion activity could explain the influence of at least one other viral factor and a cellular factor specific for various cell types (neurons, fibroblasts or polarized cells). Possible candidates for these cellular and viral factors are presently under investigation. The special abilities of syn 3 locus mutants such as FFWO, FFWI, CyA resistance of FFWI, heparin sensitivity of FFWI (Seck et al., 1994) and virulence properties (Engel et al., 1993) imply a series of special functions triggered by the wt form of gB-1. For some of these functions, interactions with combinations of HSV-encoded proteins and/or cell proteins seem to be necessary, as we assume for FFWO.
